Abstract-In this work, a simple strategy to design wideband low power consumption Raman amplifiers is demonstrated for a threepump configuration using a low water peak optical fiber. The approach is based on the introduction of a novel numerical measure, which quantifies and isolates pump-pump interaction contribution to gain profile and analyzes its correlation to amplifier minimum ripple. The method tailors the amplifier gain spectrum over 80nm bandwidth with a ripple smaller than 1dB, a gain on the order of 4dB for up to 75km fiber length, and a total pump power consumption smaller than 300mW.
In addition, since the interest concerning environmental issues is intensifying, the use of low power consumption devices and systems will be a necessity in the near future. Consequently, future networks should have the capacity to provide a massive quantity of bandwidth in an energy efficient way [1] . Another concern in modern long-haul broadband fiber optic communication systems using wavelength division multiplexing (WDM) is the minimization of the amplifier ripple [11] [12] . In this work, we introduce an approach to design wideband low power consumption Raman amplifier over an 80nm band. It lies on isolating the pump-pump interaction contribution to wideband Raman amplifiers spectrum and studying its relation to the amplifier ripple, through the introduction of a novel design strategy. In section II, the approach along with the scenario of interest are introduced, accompanied by a discussion on minimum total power conditions for pump-pump interaction to affect gain profile. In section III, the results and analysis are conducted for counter and co-propagating configuration for fiber lengths up to 75km; up to 80nm bandwidth and total pump power smaller than 300mW. Finally, the conclusions are reported in section IV.
II. DESCRIPTION OF THE APPROACH
The scenario of interest is shown in Fig.1 . It consists of three pump lasers in co or counterpropagating configuration. The fiber span length, L, ranges from 25km up to 75km. The signals are within the S, C and L (from 1510 to 1590 nm) fiber communication bands, and at 0.1mW/channel.
The three equally spaced pumps wavelength are  1 = 1420nm,  2 = 1450 nm and  3 =1480nm, and its power values are denoted by P 1 , P 2 and P 3 , respectively.
Fig. 1 Scenario of interest
In broadband Raman amplifier the ripple is greatly affected by pump-pump interaction [13] .
For the scenario described in Figure 1 , pump-pump interaction dominates the amplifier ripple for equal pump power levels greater than a certain threshold value (P 1 =P 2 =P 3 > P th ). Pump-pump interaction signature is the typical spectrum tilt, with higher gain in the longer wavelength side than in the shorter wavelength side of the amplification band (roughly ranging from 1515nm up to 1585nm).
Therefore, the amount of pump-pump interaction contributing to gain ripple can be estimated through ∆ − , a gain difference, defined as:
In equation (1) Pump-pump interaction effect in Raman amplifers leads to a power transfer from the shorter to the longer wavelength within the amplifier gain band [13] . For the scenario under consideration this signature is depicted in the set of curves in Fig. 3 , where solid and dashed lines correspond to G on−off
and G on−off p−p off , respectively. For signals below 1543nm, G on−off p−p off > G on−off indicating the amount of energy taken from the shorter wavelengths due to pump-pump interaction. The energy transferred to the longer wavelengths is noticeable above 1543nm where G on−off p−p off < G on−off . The power transfer increases with pump power and reaches a 6dB difference for the 200mW set of curves. km fiber span. The circle set corresponds to P 1 =P 2 =P 3 =50mW, the square set to P 1 =P 2 =P 3 =100mW, and the triangle set to
In this scenario, there is a minimum power per pump, Pth, for which pump-pump interaction affects gain profile. The threshold dependence with co and counter-propagating configurations is shown in Fig. 4 and 5, respectively, where ∆G on−off curves are shown for different pump power values for each configuration. For co-propagating configuration, ∆G on−off is negative below around 1537 nm and positive above it, depicting a transfer of energy for power values as low as 20mW per pump. The energy transfer contributes to around 1.5dB gain difference for pump powers of 100mW.
On the other hand, for the counter-propagating configuration, ∆G on−off negative to positive transition is observed only for power values above 60mW per pump. Furthermore, the threshold power is independent of fiber length for co-propagating configuration and grows exponencially for the counterpropagating configuration, as shown in Fig.6 . The counter-propagating configuration exponencial behavior is a consequence of the power being launched at the end of the fiber. The longer the fiber length the higher the power to surpass the losses, increasing threshold level. 
IV. CONCLUSIONS
A novel strategy was introduced in order to simplify the design of a broadband, medium level power and low power consumption (300mW maximum) Raman amplifier. It isolates pump-pump interaction contribution to gain profile, and its relation to the amplifier gain ripple, allowing for ripple minimization by tailoring pump-pump interaction through a single design parameter, the relative central pump power level. When the maximum value of the on-off gain difference is compared with the ripple values, the results also show that the relative difference between them is lower (e. g.: they have a better agreement) for central pump power values between 40 and 70% of the external pumps.
The approach was applied to a low water peak fiber, in co and counter-propagation configurations and fiber lengths up to 75km. A reduction in central pump power around 40% relative to the external ones reduces pump-pump interaction and consequently the gain ripple as well. The results demonstrated a 4dB gain over an 80nm band, with a ripple better than 0.70 dB. Finally, the approach described here, although simplistic for a full design of practical amplifiers, could be used as initial step of a complex robust optimization routine to limit the solution space, and possibly achieve a faster conversion method.
APPENDIX
The Raman nonlinear equation used to simulate the amplifier performance takes into account the Raman effect as well as signal-signal interaction, pump-pump interaction, Double Rayleigh Backscattering, and Amplified Spontaneous Emission (ASE). The following equations are built-in into the code:
In equations (2) to (6), , is the signal power at wavelength , , is the forward pumping power at wavelength , , is the backward pumping power at wavelength , , is the Rayleigh scattered signal power at wavelength , , is the Double Rayleigh scattered signal power at wavelength , , is the Raman gain coefficient of a pump at wavelength in a signal at wavelength , is the Rayleigh Scattering coefficient, is the Rayleigh Backscattering capture factor, , is ,  ,  ,  ,  ,  ,   ,  ,  ,  ,  ,  ,   ,   ,  ,  ,  ,  ,  ,  ,   ,  ,  ,  ,  , , , ,  ,  ,  ,  ,  ,  ,  ,  ,   ,   ,  ,  ,  ,  ,  ,  , the fiber attenuation coefficient for a signal at wavelength , , is the fiber attenuation coefficient for a pump at wavelength , is the noise power at wavelength , , is the frequency of the signal at wavelength , , is the frequency of the pump at wavelength and is a parameter which value is either equal to 1 ( pump-pump interaction effects area accounted in the simulation) or 0 (pump-pump interaction effects are not accounted in the simulation).
